The spin Hall effect (SHE) of light is a useful metrological tool for characterizing the structure parameters variations of nanostructure. In this letter we propose using the SHE of light to identify the graphene layers. This technique is based on the mechanism that the transverse displacements in SHE of light are sensitive to the variations of graphene layer numbers.
The spin Hall effect (SHE) of light is a useful metrological tool for characterizing the structure parameters variations of nanostructure. In this letter we propose using the SHE of light to identify the graphene layers. This technique is based on the mechanism that the transverse displacements in SHE of light are sensitive to the variations of graphene layer numbers.
The quick and convenient technique for identifying the layer numbers of graphene film is important for accelerating the study and exploration of graphene material 1 . There have many methods for determining the layer numbers of graphene film, yet existing limitation. For instance, atomic force microscopy technique is the straight way to determine the layer numbers of graphene. But this method shows a slow throughput and may induce damage to the sample. Unconventional quantum Hall effects 2 are usually used to distinguish one layer and two layers graphene from multiple layers. Raman spectroscopy 3 shows characteristic for quick and nondestructive measuring the layer numbers of graphene. However, it is not obvious to tell the differences between bilayer and a few layers of graphene films 4 . The spin Hall effect (SHE) of light appears as a transverse spin-dependent splitting, when a spatially confined light beam passes from one material to another with different refractive index [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] . The SHE of light is the photonic version of the spin Hall effect in electronic systems, in which the spin photons play the role of the spin charges, and a refractive index gradient plays the role of the electric potential gradient. The SHE of light holds great potential applications, such as manipulating electron spin states and precision metrology. Importantly, the SHE of light can serve as a useful metrological tool for characterizing the structure parameters variations of nanostructure due to their sensitive dependence 10 . For example, in the previous work, we have measured the thickness of the nanometal film via weak measurements 15 . Therefore the SHE of light may have a potential to determine the layer numbers of graphene.
In this letter, we propose a simple method for measuring the layer numbers of graphene. We find that SHE of light can serve as an advantageous metrology tool for characterizing the layer numbers of graphene. The rest of the paper is organized as follows. First a general propagation model is used to analyze the SHE of light on a graphene film. We establish the relationship between the transverse shifts and the graphene layers. Then, we focus our attention on the experiment for judging the layer numbers of graphene. Here we use the SHE of light to choose the suitable refractive index of graphene obtaining from the literature. And then, with the suitable refractive index, the layer numbers of an unknown graphene film can be detected. We introduce the weak measurements technique and the sample is a BK7 substrate transferred with the graphene film using the chemical vapor deposited (CVD) method. Finally, we summarize the main results of the paper.
We first theoretically analyze the SHE of light on graphene film and establish the relationship between transverse shifts and the layer numbers of graphene. Figure 1 schematically illustrates the SHE of light reflection on a graphene film in Cartesian coordinate system. The z axis of the laboratory Cartesian frame (x, y, z) is normal to the interface of the graphene film at z = 0. The incident and reflected electric fields are presented in coordinate frames (x i , y i , z i ) and (x r , y r , z r ), respectively. In the spin basis set, the angular spectrum can be written asẼ
Here, H and V represent horizontal and vertical polarizations, respectively. The positive and negative signs represent the left-and right-circularly polarized (spin) components, respectively.
The incident monochromatic Gaussian beam can be formulated as a localized wave packet whose spectrum is arbitrarily narrow, and can be written as
where w 0 is the beam waist. The polarization operator σ = ±1 corresponds to left-and right-circularly polarized light, respectively. In this work, we only consider the incident light beam with horizontal polarization and vertical polarization can be analyzed in the similar way. Using the reflection matrix 16, 17 , we can obtain the expressions of the reflected angular spectrum
Here, δ r = (1 + r s /r p ) cot θ i /k 0 , r p and r s denote Fresnel reflection coefficients for parallel and perpendicular polarizations, respectively. k 0 is the wave number in free space. And the E r± can be written as
At any given plane z r = const., the transverse displacement of field centroid compared to the geometrical-optics prediction is given by
whereξ r ± = r p exp(±ik ry δ r ) E r± . Calculating the reflected displacements of the SHE of light requires the explicit solution of the boundary conditions at the interfaces. Thus, we need to know the generalized Fresnel reflection of the graphene film,
Here, A ∈ {p, s}, R A and R ′ A is the Fresnel reflection coefficients at the first interface and second interface, respectively. n and d represent the refractive index and thickness of the graphene film, respectively. The thickness of the graphene film is about d = m∆d in which m denotes the layer numbers and ∆d represents the thickness of single layer graphene (∆d is about 0.34 nm). So far we have established the relationship between the transverse shifts and the graphene layers. After obtaining the displacements of SHE of light, we can determine the layer numbers of graphene. The inset shows that the angle between P1 and P2 is 90
• ± ∆.
In this work a signal enhancement technique known as the weak measurements 18, 19 is used to measure the tiny transverse displacements. The experimental setup shown in Fig. 2 is similar to that in Refs 8, 11 . A Gaussian beam generated by a He-Ne laser passes through a short focal length lens (L1) and a polarizer (P1) to produce an initially horizontal polarization beam. Here the half-wave plate (HWP) is used to control the light intensity. When the beam impinges onto the graphene-prism interface, the SHE of light takes place, manifesting itself as the opposite displacements of the two spin components. Then the two components interfere destructively after the second polarizer (P2) which is oblique to P1 with an angle of 90
• ± ∆. We note that the incident light beam is preselected in the H polarization state by P1 (along to the x i -axis) and then postselected by P2 in the polarization state with V = sin ∆e rx +cos ∆e ry . In this condition, we choose the angle ∆ = 2
• . Then we use L2 to collimate the beam and make the beam shifts insensitive to the distance between L2 and the CCD. The reflected field at the plane of z r can be obtained with V · E r . The amplified displacement δ w at the CCD is much larger than the initial shift |δ ± |. Calculating the distribution of V · E r yields the amplified factor A w = δ w /δ + . Hence the amplified displacements at the CCD are A w δ ± . It should be mentioned that the amplified factor A w is not a constant, which verifies the similar result of our previous work 8 .
Now we focus our attention on identifying graphene layers. However, there exists two unknown parameters (refractive index and layer numbers of graphene) to be identified. Before identifying the graphene layers, we need to choose the suitable refractive index parameter of graphene. There has several measured values of the refractive index of graphene reported recently 4, [20] [21] [22] . Here we choose one suitable refractive index according from the work of Bruna and Borini 22 . They concluded that the refractive index of graphene in the visible range consists of real refractive index (constant) and complex refractive index (depending on the wavelength). Here the refractive index of graphene is about 3.0 + 1.149i at 633 nm. We first need to prove that this refractive index is suitable for our graphene film. Our sample consists of graphene films with two different layers: one layer, two layers. The graphene films (made from ACS Material company) were first grown on 25µm thick copper foil in a quartz tube furnace system using a CVD method and then were transferred to the prism. The Raman spectra of these two samples are shown in Fig. 3(a) . We measure the displacements of the SHE of light on the graphene film every 2
• from 40
• to 70
• in the case of horizontal polarization and the results are shown in Fig. 3 (b) and 3(c). It should be noted that the quality of the material (graphene film) and the experimental environment will affect the measurement. A group of experiment for measuring the SHE of light at a pure air-prism interface was also carried out for making a reference. We can find that the experimental results fit well with the transverse displacement curve calculated from the literature of Bruna 22 . We can obtain that the refractive index of graphene is really close to 3.0 + 1.149i at 633 nm. Therefore the SHE of light provides us an alternative way for choosing the refractive index of graphene.
Using the suitable refractive index n = 3.0 + 1.149i at 633 nm, we can identify the layer numbers of an unknown graphene film with the weak measurements. The experimental sample is also prepared with the CVD method. It should be noted that, in our experimental condition, we can not fabricate the sample with the precise layer numbers when the graphene film has more than two layers. Because it would unavoidably involve large technical errors. We just know the approximate layer numbers ranges. Therefore we prepare a sample with the possible layer numbers ranging from three to five layers. Our aim is to determine the actual layer numbers of this graphene film. Figure 4 shows the theoretical and experimental results of the graphene layer numbers determination. From Fig. 4(a) , we find that it is hard to distinguish the transverse shifts of the different graphene layer numbers from 40
• . Thence we measure the transverse displacements in a small range of incident angle (from 56
• to 62
• ) to obtain a desired results [ Fig. 4(b) ]. To avoid the influence of impurities and other surface quality factors of graphene film, we carried out the experiments for three different areas of the graphene sample. From the experimental results, we can conclude that the actual layer numbers of the film is three. To further confirm our results, we also add some reference data via measuring the Raman spectra of the sample as shown in Fig. 4(c) . Therefore the SHE of light can become a useful metrological tool for characterizing the layer numbers of graphene.
In conclusion, we have presented a simple and convenient method for determining the layer numbers of graphene. Firstly, we use the SHE of light to choose the suitable refractive index of graphene obtaining from the corresponding literature. And then, with the suitable refractive index n = 3.0 + 1.149i at 633 nm, the layer numbers of an unknown graphene film can be detected with desired precise. So combining the SHE of light with the other techniques such as atomic force microscopy and Raman spectroscopy can improve the graphene layers identification accuracy, which is important for the future graphene research.
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